The effects of steroid hormones on a wide range of cellular processes are mediated by their interactions with soluble intracellular receptor proteins (1) . The steroid hormone receptors (SRs) operate within one of the most streamlined signal transduction systems, as the receptors are responsible both for recognizing a hormonal signal and for transmitting that signal to specific alterations in gene expression through direct binding to specific DNA target sites. When unoccupied, SRs are generally inert (2) , although in some cases their transcriptional regulatory activity can be uncovered upon activation of independent signal transduction pathways in the absence of cognate ligand binding (3) . Unliganded steroid hormone "aporeceptors" exist as complexes containing various molecular chaperones that function to maintain the receptors in a conformation competent to bind hormone (2, 4) . Functionally "mature" SR complexes are generally composed of a dimer of the 90-kD heat shock protein (Hsp90), a 23-kD protein (p23), and one type of immunophilin (for example, FKBP52), although other molecular chaperones participate in the highly ordered maturation process that is required for de novo translated receptors to attain hormone-binding competence (4, 5) .
For many years the role of molecular chaperones in SR function was thought to be confined to the acquisition and maintenance of hormone-binding activity. However, recent results suggest that SRs may be targeted by specific chaperones even when more proximally engaged with the transcriptional machinery (6) . Overexpression of p23 had opposing effects, either stimulating or reducing transactivation, depending on the SR tested (6) . Overexpression of p23 stimulated glucocorticoid receptor (GR) transactivation in both yeast and mammalian cells (6) . While such a stimulatory effect of p23 had previously been observed for estrogen receptor (ER) transactivation (7), Freeman et al. noted a significant delay after hormone addition before the action of p23 was realized (6) . Furthermore, p23 overexpression resulted in reduced transactivation activity of thyroid hormone receptor (T 3 R) in yeast and mammalian cells, possibly because p23 facilitated the dissociation of T 3 R from a specific DNA-binding site (6) .
The interaction of p23, via the ligand-binding domain (6) , with a DNA-bound nuclear hormone receptor provides a mechanism to explain the delayed effects of p23 on GR transactivation in vivo. Thus, p23 could play a role in the SR recycling and ensure the efficient rebinding of hormone to nuclear receptors that have dissociated their bound hormone (6) . A nuclear recycling pathway for GR, which includes a hormone-rebinding event, that does not require cytoplasmic transit of the recycled receptors has been proposed (8, 9) . If the acquisition and maintenance of hormone-binding competence of nuclear GR were analogous to the process that occurs in the cytoplasm (2, 4), a role for p23 and Hsp90 in nuclear recycling would be essential.
Given the observed interaction between p23 and DNAbound T 3 R (6), another role for p23 may be to recognize "experienced" receptors that have had some encounter with specific DNA target sites, and the transcriptional machinery, and aid in their recycling to a functional state (6) . Thus, p23 may act not simply to clear the DNA of receptors actively engaged in transactivation, but to promote the clearance of DNA-bound receptors that have participated in multiple rounds of transcription and increase the capacity of recycled receptors to rebind hormone. These "experienced" receptors may have reduced potency as transcriptional activators due to their accrual of posttranslational modifications or alteration in conformation. This hypothesis is consistent with the results of Knoblauch and Garabedian (7), who noted that the effects of p23 on ER transactivation were much more pronounced in cells that express low levels of receptor, or at low hormone doses. It seems likely that under conditions of limiting active ER, nuclear recycling would have more of an impact on the overall transactivation activity of the receptor than under conditions of receptor or hormone excess.
Is there any other support for the notion that molecular chaperones act to regulate SR function in the nucleus? Treating cells with the benzoquinone ansamycin, geldanamycin (GA), to inhibit Hsp90 function disrupted GR nuclear recycling (10) . While the inability of recycled nuclear GR to rebind hormone in the presence of GA might have been expected given the role of Hsp90 in promoting hormone binding of GR (11), GR interactions with chromatin in GA-treated cells were also affected (10) . In particular, although GA did not affect the release of bound hormone from GR upon hormone withdrawal, the release of unliganded receptors from chromatin was dramatically inhibited (10) .
On the basis of these results, Hsp90, either alone or in combination with another partner (p23?), may be required to release unliganded ("experienced"?) receptors from high-affinity chromatin-binding sites (10) . Hsp90 avidly binds histones and modifies chromatin structure in vitro (12) . This raises the possibility that the interaction of chaperones with both SRs and chromatin might be required to facilitate receptor recycling within nuclei (Fig 1.) . While these results seem to be consistent with those reported by Freeman et al., an effect of purified Hsp90 on binding of T 3 R to DNA was not observed (6) . However, because GA disrupts Hsp90 interactions with p23 (13), it is possible that the release of unliganded GR from chromatin is mediated primarily by p23, with Hsp90 aiding in the recruitment of its partner to the "experienced," chromatin-bound receptor. A direct role for Hsp90 in GR release from chromatin cannot be excluded because purified Hsp90 alone was able to dissociate GR from receptor-DNA complexes preformed in vitro (14) .
Hsp90 also appears to act in some cases to promote in vitro DNA binding, as has been observed for the helix-loop-helix transcription factors, MyoD1 or E12 (15, 16) . It has not been established whether Hsp90 or p23 function to regulate MyoD1 or E12 activity in vivo. Opposing effects of Hsp90 on ER DNAbinding activity in vitro have been observed (17, 18) , but these studies need to be reassessed with more highly purified components and with different combinations of chaperone partners.
Hsp90 and p23 also function in the assembly of other nuclear macromolecular assemblies. For example, the formation of an active human telomerase enzyme containing a telomerase catalytic subunit (hTERT) and template mRNA (hTR) requires both Hsp90 and p23 (18) . In this case, it appears that Hsp90 functions mainly to recruit p23 to hTERT complexes (18) . Furthermore, because Hsp90 and p23 remain associated with active telomerase complexes in vivo, they may function at steps subsequent to the assembly of active telomerase (18) . Perhaps, analogous to their role in steroid receptor recycling, Hsp90 and p23 may recognize "experienced" telomerase and facilitate its continued activity after repeated rounds of nucleotide addition.
Hsp90 and p23, along with other chaperones, regulate the activity of the heat shock transcription factor HSF-1 (19) . Analogous to their effects on SRs, Hsp90 and p23 may regulate HSF-1 activity at multiple levels. For example, in addition to their role in maintaining HSF-1 in an inactive state, Hsp90 and p23 appear to participate in the attenuation of HSF-1 activity after stress (19) . Because Hsp90 and p23 are present in active HSF-1 trimers, they must somehow recognize some novel feature of "experienced" HSF-1 trimers and bring about their disassembly. The striking similarity observed between the effects of Hsp90 and p23 on SRs, telomerase, and HSF-1 is the recognition by the chaperones that their target has expressed its activity and requires their aid to either terminate further activity or regain full function. In all of these cases, it is unclear what exactly is meant by the chaperone partners being "experienced," but it is possible that subtle changes in conformation may be all that is required for Hsp90 and p23 to take action.
In summary, the impact of molecular chaperones on signal Model for Hsp90 and p23 action in the recycling of glucocorticoid receptors (GRs) within the nucleus. Hsp90 and p23 are wellestablished components of cytoplasmic, unliganded aporeceptors and function to maintain these naïve receptors in a conformation competent to bind hormone. After the dissociation of hormone and release from high-affinity chromatin-binding sites, some GRs appear to regain hormone-and chromatin-binding activity. We hypothesize that analogous to their action in the cytoplasm, Hsp90 and p23 are required for recycled nuclear receptors to regain hormone-binding competence. Furthermore, Hsp90 and p23 may play a proactive role in receptor recycling and facilitate the clearance of "experienced" receptors from chromatin. Although the formation of GR heteromeric complexes within nuclei is depicted as an intermediate for alternative receptor-processing pathways (i.e., cytoplasmic recycling and degradation), experimental evidence in support of this possibility has not been provided.
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http://stke.sciencemag.org/ Downloaded from transduction is no longer confined to the cytoplasm. Rather, molecular chaperones appear to be in contact with their signal transduction partners throughout all phases of their action and may play important roles in the initiation, maintenance, and termination of specific signaling events.
